The application of suspended graphene as electron transparent supporting media in electron microscopy, vacuum electronics, and micromechanical devices requires the least destructive and maximally clean transfer from their original growth substrate to the target of interest. Here, we use thermally evaporated anthracene films as the sacrificial layer for graphene transfer onto an arbitrary substrate. We show that clean suspended graphene can be achieved via desorbing the anthracene layer at temperatures in the 100
Introduction
Ultra-thin and clean suspended graphene (Gr) membranes have been applied in a variety of micromechanical devices, 1 sensors, 2 and vacuum electronics; 3 as supporting media for highresolution transmission electron microscopy (HRTEM), 4 and as electron transparent windows in ambient pressure photoelectron spectroscopy and microscopy. 5 The mechanical exfoliation of the graphite akes remains to be the cleanest method to prepare such devices but it is low yield and labor intensive. Alternatively, ultrathin membranes assembled from interlocked chemically exfoliated graphene (graphene oxide) akes or platelets are simple to fabricate, 6 however, they possess a large amount of defects and reactive functional groups. The latter, being advantageous for the development of new composite materials 7 via graphene functionalization, can lead to undesirable alteration of the physical and chemical properties of the membrane devices. On the other hand, the growth of graphene via chemical vapor deposition (CVD) on copper or nickel substrates is a well-developed, large-scale, and high-yield method of graphene production with large single crystal domain size. 8 In order to transfer graphene from copper or nickel foils onto a target substrate, multiple approaches have been implemented, which can be roughly classied into two groups: "wet" and "dry" methods, depending on whether any liquid is involved during the nal stage of the graphene layer transfer. For suspended graphene devices, wet transfer methods via a sacricial layer [9] [10] [11] or direct transfer approaches using capillary action of solvent droplets 12 (e.g. isopropyl alcohol (IPA)) as an adhesion promoter are commonly used. The former method usually relies on a polymethyl methacrylate (PMMA) layer spin-coated over the Gr-metal substrate, followed by etching of the metal and transferring the PMMA/Gr onto a target substrate. Aer the transfer, the PMMA layer is dissolved in solvents, or removed by annealing in vacuum 13 or under reducing conditions.
14 Recently, an alternative polymer scaffolds have been used instead of PMMA, which do not require an additional annealing aer the polymers are dissolved. 15 However, some of the copper etchants, such as ammonium persulfate, can promote a crosslinking in polymers, resulting in a high concentration of residues on the graphene layer. 16 Alternatively, the direct transfer method is based on an adhesion between a Gr/substrate stack and a exible perforated carbon membrane induced by capillary forces of a drying solvent such as IPA. 12 In this case, the growth substrate is etched away, and, aer rinsing in water and drying, a suspended, highquality membrane is obtained. Other wet methods of graphene transfer include the soak-and-peel, 17 bubbling transfer, 18 and electrochemical delamination (see ref.
19-21 for a detailed description of each approach). Dry transfer of graphene is necessary when the target substrate is reactive or sensitive to moisture. Solvent-free methods to transfer CVD-grown Gr employ polydimethylsiloxane (PDMS) stamps, 22 thermal release tape, 23 thermal decomposition of PMMA in forming gas, 9 etc. The application of graphene in electron or scanning probe microscopies, in microelectromechanical systems (MEMS)/ electronic devices and many other elds requires the ultimate surface cleanliness of the suspended membrane. However, all the aforementioned transfer methods unavoidably contaminate the graphene surface, requiring a sequential step of rigorous cleaning. The direct comparison of the reported cleaning methods is hard to conduct due to the variety of transfer conditions and characterization techniques used. Therefore, a systematic and quantitative comparison of the most commonly used methods is essential to determine the most effective one.
Here, we demonstrate a novel ultraclean method for the transfer of CVD-grown graphene utilizing an anthracene lm as a sacricial layer. Different from higher molecular mass polycyclic aromatic hydrocarbons (PAHs) that strongly interact with graphene, an anthracene lm can easily sublime at moderate temperature (<150 C), 24 thus preventing structural changes of the graphene and a sensitive target substrate. We also perform a comparative cleanliness analysis of our approach with two widely used transfer methods: (i) direct transfer by IPA 12 and (ii) PMMA-based transfer. 9 The samples transferred via all three aforementioned protocols were subjected to the same two step cleaning procedure aer the transfer: annealing in the presence of platinum catalyst 25 followed by annealing in activated carbon. 26 The cleanliness of the resultant membranes was examined with techniques highly sensitive to the surface contamination and defects: low-voltage (1 keV) scanning electron microscopy (LVSEM), X-ray photoelectron spectroscopy (XPS), and transmission electron microscopy (TEM). We show that graphene transferred by anthracene is consistently cleaner and less defective than samples prepared using other methods.
Experimental procedures
Sample preparation and transfer using anthracene Graphene was grown from a methane gas precursor on a copper substrate using the standard CVD method, which is described in details elsewhere. 8, 27, 28 Briey, electropolished in phosphoric acid 125 mm thick copper foils were loaded into atmospheric pressure CVD reactor and annealed at 1065 C under the ow of 2.5% H 2 in Ar for 30 min. Graphene growth was performed by addition of methane with a gradual increase of concentration from 10 to 20 and then to 40 ppm for 30 min increments. Aer cooling down to room temperature, a monolayer of graphene with less than 5% fraction of the hexagon-shaped bilayer was formed on both sides of the copper foil.
An anthracene lm with an average thickness of 14 mm AE 7 mm was thermally evaporated onto as-grown graphene on a copper foil in vacuum (z10 À3 Pa) (Fig. 1a(ii) ). Dense and mechanically stable, quasi-amorphous lms were obtained if the deposition was conducted onto a pre-cooled (zÀ20 C) Gr/ substrate in vacuum. Note that low temperature of a substrate is essential to increase the density of the nucleation sites for anthracene (Fig. S1 †) . Aer the deposition onto the pre-cooled sample (Fig. 1a(ii) ), the copper substrate was etched in aqueous ammonium persulfate solution (APS) (Fig. 1a(iii) ). The Gr-anthracene stack was then rinsed in distilled water, and transferred directly to the TEM mesh for inspection (Fig. 1a(iv) ). Aer annealing at 120 C for 40 min (Fig. 1a(v) ), the anthracene lm sublimed, and only the graphene layer was le on the target substrate ( Fig. 1a(vi) ). Besides the low temperature sublimation of anthracene, the other advantage of this PAH is its high uorescence yield under ultraviolet (UV) light irradiation ( Fig. 1b and c) , which helps visualize the anthracene during the transfer process and track residues le on graphene aer annealing ( Fig. 1b and c) .
Comparative analysis
Three sets of graphene membrane samples transferred using (i) PMMA as a sacricial layer, (ii) IPA droplet capillary adhesion (so called "direct transfer"), and (iii) anthracene as a sacricial layer were subjected to the same set of cleaning treatments and characterizations to compare and identify the least contaminated product. The sample fabrication for the comparative analysis is schematically illustrated in Fig. 2 . First, TEM grids made of gold with a perforated, 20 nm thick carbon mesh (2 mm hole diameter) were half-coated with a 10 nm platinum layer to compare the effect of the platinum catalysis on the surface purity ( Fig. 2a) on the same substrate. Second, CVD-Gr lms were transferred onto the grids using the three methods depicted in Fig. 2b . All the samples concurrently underwent rst the catalytic cleaning (180 C, 30 min) on a hot plate in ambient air, followed by an activated carbon cleaning procedure step (210 C, 90 min, rate 5 C min À1 ) in an oven. We used LVSEM to image all samples immediately as transferred, aer the platinum-catalysis treatment, and, ultimately, aer the cleaning in activated carbon. For LVSEM imaging, all samples have been mounted on a graphite specimen stub to minimize the background signal formed by spurious secondary electrons. The same contrast/brightness adjustments were maintained during all three LVSEM sessions to quantitatively compare results of each cleaning step. To maximize surface sensitivity of the SEM to impurities, a low-energy electron beam (1 keV) in combination with through-the-lens secondary electrons detector, and short working distance (3 mm) were used. All samples have been studied by TEM at 300 keV electron beam energy.
XPS spectra of graphene samples were collected at z3 Â 10 À7 Pa in ultra-high vacuum (UHV) chamber equipped with a 125 mm radius hemispherical electron energy analyzer operating with an emission angle of 54
. The monochromatic Al Ka (1486.6 eV) X-ray source was used for the XPS measurements. The analyzer was working at the constant pass energy E p ¼ 13.6 eV and slit sizes offering an experimental energy resolution 0.55 eV. The XPS peaks of graphene were deconvoluted using mixed asymmetric Gaussian-Lorentzian line shapes aer a Shirley background subtraction.
Results and discussion
The resulting suspended graphene obtained by the anthracene-based method demonstrates high yield of successful (with no holes) coverage over the perforated structure, z95% (Fig. S3 †) , comparable with the best results obtained using the direct transfer by IPA drop and PMMA sacricial layer. The quality of the as transferred graphene was evaluated using Raman spectroscopy via measuring relative intensity of the D-peak and G/D ratio (Fig. S4 †) . Different from commonly used high voltage (5 kV to 15 kV) SEM imaging, we employed low electron beam energies (0.5 keV to 1 keV) in combination with a true secondary electron (SE) detector to monitor the contaminants evolution upon different cleaning procedures. The enhanced electron interaction cross-section and surface sensitivity of such imaging conditions are advantageous for discriminating between clean and contaminated regions on the Gr layer. 29, 30 SEM analysis According to the semi-empirical law for the SE emission from carbon, 31 the dependence of SE yield on electron beam energy E PE has a maximum at 400 eV and decreases with electron beam energy due to the decrease of the stopping power. The dependence of SE yield d on membrane thickness d and E PE , can be evaluated 31 as:
where 3, l, and R stand for the effective energy to produce SE, the effective SE escape depth, and the penetration depth of the incident electron, respectively. For a carbon membrane with 3 ¼ 80 eV, 31 l ¼ 2.5 nm, and R ¼ 7 nm, the formula yields d ¼ 0.1, 0.2, and 0.3 for 1, 2, and 3 layer thick graphene, respectively, implying that a clean, suspended, single Gr layer will be distinguishable from any additional carbon-containing residual layers. For our experiments we used 1 keV electron beam energy to reduce electron induced carbon contamination. Fig. 3 demonstrates the effectiveness of low-voltage SEM (LVSEM) to evaluate the cleanliness of suspended membrane. The panel (a) in Fig. 3 depicts the model consisting of 20 nm thick carbon mesh covered with 10 nm Pt and one layer of graphene as in the real sample. Four carbon pads of 1, 2, 5, and 10 layer thicknesses and an open orice mimic different levels of contamination and a tear in graphene layer, respectively. Fig. 3b shows the corresponding Monte Carlo simulated 32 SE images, where the grayscale refers to the number of SEs collected per 1000 primary electrons. According to the simulation, the impurity pads are clearly distinguishable from a pristine single-layer graphene if a low energy (<1 keV) primary electron beam is used as the SE yield increases with impurity thickness. The experimental results qualitatively corroborate with our simulations (Fig. 3c and d) . As the energy of the electron beam increases from 1 keV to 3 keV, the overall SE yield from the membrane diminishes due to the reduction in the inelastic interaction cross-section. As a result, the contrast between clean, contaminated graphene and void areas decreases (Fig. 3e) and the carbon membrane appears to be more transparent and cleaner.
LVSEM images of suspended graphene on a perforated carbon lm with Pt (10 nm) lm transferred using PMMA (top: a-c), IPA (center: d-f), and an anthracene sacricial layer (bottom: g-i) are shown in Fig. 4 . All samples demonstrate visible contamination before cleaning, which is noted as bright spots and lighter color corrugated regions. In the case of PMMA, the typical residues are le from incomplete scission of PMMA bonds during cleaning steps.
16
Contamination of graphene transferred by anthracene and IPA methods is mainly due to hydrocarbons; in particular, (-CH 2 -) and (-CH 3 ) groups of hydrocarbons accumulated on the surface have been routinely detected aer samples were exposed to air.
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A comparison between the different transfer methods was performed by imaging samples aer each sequential cleaning step by SEM, see Fig. 4 . The images in the le, central, and right columns show suspended graphene before cleaning, aer Pt catalytic cleaning at 180 C, and then annealing in activated carbon, respectively. Each image contains the regions with a suspended membrane (dark circle in the center), graphene over Pt-covered carbon mesh (peripheral brightest area), and open holes (the darkest area). SEM images of moderately cleaned CVD-Gr revealed the accumulation of the contaminants in elongated strips ( Fig. 4b and h ). The origin of such impurity distribution is attributed to stronger affinity of the impurity molecules to graphene point and extended defects, 34, 35 as well as to wrinkles, which are common in CVD-grown graphene and occur as a result of compressive strain in as-grown carbon monolayer. 36 According to the set of SEM images of differently prepared samples aer the aforementioned treatments, PMMA and anthracene methods demonstrate fewer residues on a carbon monolayer aer two sequential cleaning steps compared to the direct transfer using IPA. The evolution of the residue concentration with a cleaning sequence can be illustrated using PMMA transferred graphene as an example. As transferred (before any additional cleaning) membrane routinely contains polymer contaminants seen as multiple bright spots and network of gray patches over the membrane (Fig. 4a) . The cleanliness of the suspended membranes at a microscale level can be addressed more quantitatively using the gray scale values (GSV) of SEM images, implying that the GSV is proportional to the total SE signal from the corresponding area. To conduct such measurements, the SEM detector was tuned to the same xed values of gain and offset for entire set of measurements. The results of this analysis for all three transfer methods and samples with and without predeposited Pt catalyst are summarized in Fig. 5 . The vertical axis values correspond to SE signal of the imaged graphene with respect to the open hole. Therefore, the cleanest and the most transparent sample will have the SE signal approaching zero.
Aer annealing the samples on a hot plate, the overall SE signal from all samples decreases since the large partition of the PMMA remnants become decomposed by Pt catalysis. During this process, end-chain PMMA dissociation is initiated, and the polymer degrades into monomers that can sublime. 25 Interestingly, the PMMA decomposition can be observed even a few microns away from the Pt catalyst (Fig. S5 †) . We assign this extended catalytic action to a spillover effect when dissociated reactive species such as hydrogen and/or oxygen migrate from Pt to PMMA residues. 37 As a result, the transparency of graphene aer annealing in the presence of Pt catalyst increases by z50% (Fig. 5 right semi-plane) . The electron transparency of the membrane without Pt (le semi-plane) also improves aer the same treatment, however, only by z30%, which conrms the noticeable contribution of catalytic activation and spillover effect.
As can be seen from Fig. 5 (blue dots), Pt catalysis is effective not only for PMMA decomposition, but also for cleaning of the membrane from hydrocarbon contaminants aer IPA transfer. The latter results in z50% cleaning effect aer the treatment (compare with only z20% cleaning without Pt). The similar cleaning trend can be observed for graphene transferred by anthracene yielding the cleaning effect of z50% aer thermal desorption of contaminants.
The cleaning effect of activated carbon with high degree of microporosity, which provides high surface area, is based on its adsorptive capacity. Upon thermal activation, the contaminants le on a graphene surface randomly diffuse until they become adsorbed and trapped by high surface area activated carbon particle. This second step of cleaning signicantly improves the cleanliness of the PMMA and anthracene transferred graphene. This is not a case, though, for impurities le from IPA-based transfer. The cleaning effect is most pronounced for the sample with anthracene impurities annealed in the presence of a Pt catalyst and activated carbon. Aer the treatment, the transparency of the suspended membrane increased up to z65% compared to as transferred graphene (Fig. 5, green dots) . To summarize, the combination of two aforementioned cleaning steps provides an efficient recipe to clean Gr, independent of whether PMMA or anthracene impurities were present on the sample.
It is necessary to note that electron beam induced carbon contamination can oen be observed during SEM inspection of the suspended membrane.
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This effect is particularly pronounced when the sample has hydrocarbon impurities and, therefore, can be used as an additional tool to evaluate graphene purity before and aer the transfer. Low energy secondary electrons are mainly responsible for the dissociation of surface hydrocarbons and the buildup of the carbon deposit on a membrane. 16 Interestingly, both as transferred and partially cleaned (cleaning step I, Fig. 5 ) samples have demonstrated prominent contamination buildup during SEM imaging at room temperature aer 15 s of irradiation (Fig. S6 †) . However, the carbon contamination became negligible aer samples were cleaned in activated carbon, indicating that the source of the hydrocarbons are the surface residues le on samples.
XPS analysis
The microscopy results have been complemented with XPS analysis of graphene purity. For that, CVD Gr/Cu samples underwent the same set of aforementioned cleaning procedures. In particular, PMMA-covered/Gr/Cu, anthracene-covered/ Gr/Cu, and IPA-immersed/Gr/Cu samples were prepared rst using the standard procedures: removing the sacricial layers by acetone, thermal sublimation, and drying, respectively. The samples then were rst annealed in air (cleaning I) followed by annealing in activated carbon (cleaning II). The effective thickness of the overlay can be evaluated from the corresponding attenuation of the XPS substrate signal by carbonaceous contaminants layer. 39 For that, the cumulative intensity ratios of C 1s peak to attenuated Cu 2p 3/2 peak were measured at the same spot aer the sample preparation and aer each cleaning procedure (Fig. 6a) . These data were compared to Cu 2p 3/2 peak attenuation test of as grown and vacuum annealed pristine Gr/Cu sample considered to be ultimately clean (black square in the Fig. 6a ). The SESSA algorithm 40 was used to compare experimental Cu 2p 3/2 peak attenuation data with theoretical predictions for 1 to 4 carbon monolayers (ML) (Fig. 6a) . The XPS-assessed effective thickness of contaminants corroborates well with the trend observed via electron microscopy. In particular, as prepared samples exhibit the highest degree of contamination reaching almost four effective monolayers of impurities in the case of a PMMA-based sacricial layer. The cleanliness of the samples improves progressively with sequential cleaning. Similar to the SEM observations above, anthracene and IPA introduced the least amount of contaminations at the graphene surface, and the nal cleanliness approaches the quality of as grown and vacuum annealed CVD Gr/Cu sample, matching the theoretically predicted C 1s/Cu 2p 3/2 ratio for 1 ML of carbon on copper.
More information on chemical nature of the contaminants can be obtained from the C 1s peak shape evolution upon the cleaning treatments. Fig. 6b depicts the C 1s spectrum of as grown and vacuum annealed (10 À7 Pa, 250 C, 2 (Fig. 6c) . On the other hand, the IPA and anthracene samples exhibited dominating graphene (sp 2 ) contribution and traces of carboxyl (binding energy (BE) z 289 eV), methoxy (BE z 287 eV) groups, and sp 3 carbon (Fig. 6d and e) . The overall trend observed in XPS measurements agrees with SEM and Raman results and shows signicant reduction of impurity peaks upon cleaning in favor of pure sp 2 feature.
TEM study
Finally, the samples have also been examined using TEM to compare the quality of the resultant membranes at the nanoscale. graphene with a typical area z 2 Â 10 4 nm 2 , which is comparable to or even better than previously reported results.
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Conclusions
In conclusion, we present a new method of clean CVD-Gr transfer using anthracene as a sacricial layer. It should not be seen a universal or simplest method but rather suitable for specic applications where graphene coverage is required over the chemically reactive and temperature sensitive substrates. The advantage of this approach is the dry removal of the sacricial layer at temperatures below 150 C, which oen is a requirement for the aforementioned systems. Using high surface sensitivity of LVSEM and XPS, we compare the cleanliness of the suspended membranes transferred by different methods with the same cleaning procedures. SEM, XPS and TEM studies demonstrated the advantage of the anthracene method in combination with annealing in air in the presence of Pt catalyst followed by annealing in activated carbon to achieve a cleaner CVD-grown graphene. Note, the thermal treatment of the graphene in activated carbon has a potential drawback: aer cleaning, a small amount of activated carbon dust particles adheres to the sample. Therefore, whether cleaning in activated carbon should be applied depends on the particular graphene application. We envision that our approach may be suitable in applications where dry and clean transfer protocols are required.
Author contributions
AK, AY, and MSL conceived and designed the experiments; AY, AK and GC performed the experiments and analyzed the data; IVV produced graphene samples; GC, AM and AHW characterized the samples; AY, AK, MSL, and AHW co-wrote the paper. Figure S1 . SEM image of an anthracene film thermally evaporated on Gr/copper at ≈ -20 o C. The hexagon in the middle of the image is the island of two-layer Gr. Both single and twolayer graphene are buried under the anthracene film. The film deposited onto a substrate at room temperature tends to form an incomplete film of weakly bound crystallites as large as few tens of µm ( Figure S2 ). Capillary forces can easily destroy such a sacrificial layer during wet copper etching, which would make the transfer problematic. 
Raman Characterization
Raman spectra were acquired under ambient conditions with a micro-Raman spectrometer equipped with a 514.5 nm (2.41 eV) wavelength excitation laser and a grating with a 1800 mm -1 pitch, while operating in 180° backscattering geometry. A 50× objective was used to focus the excitation laser to an approximately 1 μm spot onto the sample with an incident power of less than 2 mW to avoid local heating effects. 
